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Abstract: A sensing structure consisting of a short multimode fiber (MMF) spliced in just
upstream of a uniform fiber Bragg grating (FBG) is proposed and experimentally
demonstrated for temperature-independent curvature measurement. The short MMF section
generates cladding modes in the fiber that contains the FBG. Several of these modes get
reflected back by the FBG at shorter wavelengths and re-enter the launch fiber after passing
through the MMF section. The net recoupling efficiency between the incident forward core
mode and reflected cladding modes is 20 dB when the fiber is straight, but decays when a
curvature applied on the sensing structure. A maximum sensitivity of 0.74 dB/m1 is
obtained in a large measurement range up to 15:5 m1, with no orientation dependence of
the sensitivity. The reflected coupled power variation is measured to be 0.15 dB over the
temperature range from 0 to 70 C, allowing for temperature-independent curvature
measurements.
Index Terms: Fiber Bragg grating, multimode fiber, curvature measurement, temperature-
independent.
1. Introduction
Curvature measurement is significant in various applications, ranging from security monitoring to
structural engineering. Fiber-optic sensors offer a great number of advantages over conventional
sensors, such as electrically passive operation, immunity to electromagnetic interference, high
sensitivity, integrated structure, and potentially low cost. In recent years, fiber gratings have been
widely investigated and applied in curvature measurement. For example, long-period gratings
(LPGs) possess a high sensitivity in curvature-induced wavelength shift and amplitude change of
the transmission resonances. But they also show a high temperature cross-sensitivity and a wide
bandwidth of the transmission resonances that leads to reading errors and difficulty in multiplexing
[1]–[3]. Alternatively, chirped fiber Bragg gratings (CFBGs) can be used for curvature measurement
by relating the chirp rate (i.e., reflection bandwidth) to the bending of a substantially flexible beam
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[4], [5]. However, the mechanically bulky beam-based fiber grating sensors become inflexible and
awkward in some microscale environmental measurements. Finally, tilted fiber Bragg gratings
(TFBGs) are also sensitive to curvature because the coupling coefficients of cladding modes (low-
order cladding modes in particular) change as the fiber is bent [6]. The drawbacks of this config-
uration are that transmission measurements are required and that the number of low order nearly
degenerate cladding modes involved is large. As a result, the net transmission spectrum changes
irregularly with curvature and shows strong orientation dependence.
In order to overcome some of the difficulties in quantifying curvature from the transmission
spectra of TFBG, configurations involving the recoupling of backward propagating cladding modes
into a reflected core mode were reported. Guo proposed a core-offset splicing structure located a
short distance upstream of the TFBG for recoupling the bend sensitive backward cladding modes
[7] and also for external refractive index measurements [8]. Moreover, this kind of configuration
allows for real time measurements of the cladding mode power reflected using bandpass filtering
and a photodiode. Other in-line fiber structures were also proposed for recoupling the backward
propagating cladding modes of TFBG, such as a biconical taper [9], [10], multimode fiber (MMF)
[11], and LPG [12], which were also effective in curvature measurement. For the aforementioned
TFBG-based curvature sensors, the sensitivity depends on the orientation of the bending direction
relative to the tilt plane of the TFBG, which allows for the simultaneous measurement of the
magnitude and direction of the bend. On the other hand, this directional sensitivity requires addi-
tional calibration in practical applications and complicates the sensor demodulation. As a cylindri-
cally symmetrical structure, a FBG has no intrinsic directional sensitivity change under bending but
can be used as a sensor when coupled with an upstream core-offset splicing point [13]. However,
the core-offset splicing point used in [13] breaks the cylindrical symmetry and reintroduces a bend
orientation sensitivity.
In this paper, an orientation-insensitive curvature sensor based on the reflection of cladding
modes from a core-inscribed FBG is proposed and experimentally demonstrated. A short section of
MMF was inserted upstream of the FBG and serves as a cylindrically symmetric core-cladding modal
coupler to excite cladding modes into the fiber that contains the FBG and to recapture reflected
cladding modes back into the core of the launch fiber. The recaptured cladding modes appear on the
short wavelength side of the Bragg (core mode) resonance because their effective index is lower.
The efficiency of the back reflection is much lower (20 dB) for the cladding modes because of their
relatively poor overlap with the refractive index modulation located in the core of the fiber. It must be
emphasized that unlike the case of the TFBG, the cladding modes are individually reflected upon
themselves by the FBG, and do not appear due to coupling from a core mode. When a curvature is
applied on the sensing structure, the intensity of the recaptured cladding modes decays significantly
and monotonically, independently of the direction of the bend. Finally, the performance of the sensor
is shown experimentally to be independent of the temperature of operation.
2. Operation Principle and Sensor Fabrication
Fig. 1 shows the schematic diagram of the proposed sensing structure, containing a section of MMF
with a length of 1 mm and a uniform FBG. The MMF is inserted at a location upstream from the
FBG. The single mode of the injected light propagating in the lead-in single-mode fiber (SMF)
Fig. 1. Schematic diagram of the cladding modes excitation and recoupling mechanisms in the
proposed sensing structure.
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excites multiple modes of the MMF due to the modal mismatch. These modes then propagate and
interfere in the MMF section up to the end, where they further excite both core and cladding modes
of the SMF which contains the FBG. The coupling coefficient of the i th order mode di in the lead-out
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where ch is the excitation coefficient, h is the field profile, h is the propagation constant, of the hth
eigenmode in the MMF, respectively, andM is the total number of guided modes inside the MMF; i
is the i th mode in lead-out SMF, consisting of core mode ði ¼ 1Þ and cladding modes ði 9 1Þ. The
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where Es is the field distribution of the fundamental mode in SMF. It is obvious that the coefficient di
is determined by parameters of MMF, such as core diameter, refractive index and length of the
inserted MMF. As the SMF–MMF–SMF structure is bent, the field patterns of the MMF modes will
be altered, leading to changes in the ch coefficients. The bending also changes their propagation
constants, thereby changing the multimode interference pattern at the output of the MMF section
and hence the amplitudes of the individual excitation coefficients di . These effects are magnified by
the double passage of light reflected from the FBG in the MMF.
Fig. 2 shows the simulated amplitude distribution of the light propagating along the MMF (200–
1200 m in Z axis) by using the propagation beam method (BPM), demonstrating that the injected
light spreads significantly in the MMF section and couples strongly into cladding modes of the lead-
out SMF as mentioned above. The parameters of the MMF used in our simulation are set as follows:
core diameter of 62.5 m, core refractive index of 1.4662, cladding refractive index of 1.45, and
length of 1 mm. A similar multimode interference effect occurs in the cladding of the lead out fiber
but each cladding mode is individually reflected from the FBG (not shown in the unidirectional BMP
model we used) and the coupling mechanisms are reversed in the return trip, finally leading to some
recapture of reflected cladding modes by the SMF lead-in fiber.
Fig. 2. BPM simulation of the light propagation along the SMF–MMF–SMF structure.
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A uniform FBG was written in a hydrogen-loaded photosensitive SMF with a scanning 244 nm UV
laser beam using the phase-mask method. The achieved FBG has a reflectivity of 98%, a length of
8 mm, a center Bragg wavelength of 1553.78 nm (at room temperature), and a 3-dB spectral
bandwidth of 0.34 nm. The transmission spectrum of the inscribed FBG is shown in Fig. 3, where
some weak cladding-mode resonances appear on the short wavelength side of the Bragg
resonance. It is important to note that these weak dips arise from the coupling of core mode light to
cladding modes, as there are no incident cladding modes on the FBG prior to splicing the MMF.
They are also much smaller than the strong cladding-mode resonances caused by tilt planes in a
TFBG. In order to splice a short section of MMF, we cleaved the SMF 5 mm upstream from the
FBG, and spliced it with a long section of step-index MMF (with a core diameter of 62.5 m), then
cleaved the MMF 1 mm back of the original splicing point and finally splicing this structure to a SMF.
The reason for the short separation between the MMF and the FBG is that the excited modes
propagating in the cladding suffer large losses. The reflection spectrum of the fabricated sensing
structure is shown in Fig. 3 and compared with the original spectrum of the FBG in the SMF alone. It
can be seen that several reflected peaks appear in the wavelength range from 1549.2 to 1552.2 nm
on the short side of Bragg peak after inserting the MMF. The amplitude of these emerging cladding
modes is much smaller than that of reported hybrid structure composed of MMF and TFBG [11],
[16], because the reflection efficiency of the FBG is much smaller for cladding modes than for the
core mode (and also much smaller than the coupling of core modes to cladding modes by a TFBG).
On the other hand, the intensity of Bragg mode reflection decreases by 2.4 dB due to the insertion
loss of the MMF, which is about 3.33 times lower than that reported in [11]. The smaller loss is
attributed to the shorter length of the inserted MMF (relative to 2 mm in [11]) and better splicing
which improves the overall coupling coefficients of the core mode c1 and d1. The amplitudes of the
reflected cladding modes can be also optimized by adjusting the length of MMF through the
multimode interference effect. Based on previous works about SMF–MMF–SMF structures [17],
increasing the length of the MMF section will increase the spectral modulation of the transmitted
light and deteriorate the regularity of the spectral changes arising from bending. Moreover, the
influence of temperature on the multimode interference pattern (and hence on the sensor response)
decreases with decreasing length of MMF [18]. Compared with the previously reported curvature
sensor composed of long MMF (32 mm) and LPG [19], the spectral modulation and temperature
perturbation induced by the short MMF (1 mm) of this proposed sensor would be much smaller.
Therefore, we spliced a short MMF section of only 1 mm to introduce the necessary modal
mismatch for the excitation and recoupling of the cladding modes of the FBG.
3. Experimental Results and Discussion
Fig. 3 illustrates the experimental setup of the curvature measurement system. The light provided
by a broadband light source (BBS) with flat output within the range from 1520 to 1620 nm goes
Fig. 3. Transmission spectrum of the original FBG and spectral comparison of the reflection spectra
before and after inserting the MMF.
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through an optical circulator (OC) and is launched into the sensing structure. Then the light reflected
by the FBG propagates through a 3-dB coupler that splits the reflected power into an optical
spectrum analyzer (OSA) with a wavelength resolution of 0.01 nm and an optical power meter
(OPM), respectively. A bandpass filter connected before the OPM is used to realize individual
power measurement of the Bragg mode and of the cladding modes. The sensor response to
curvature was examined by mounting the two ends of the sensing head on two translation stages
and moving one stage inward to change the separation between them. The shape of the FBG
located in the middle of the two stages is normally approximated as an arc circle. The curvature
applied on the sensing structure can be calculated by the corresponding separation of the two
stages, expressed as
sinðLC=2Þ ¼ DC=2 (3)
where L is the length of fiber between the two mounted points, C is the applied curvature, and D is
the separation of the two stages, which are marked in Fig. 4.
Fig. 5(a) shows the evolution of the reflection spectra under an increase of applied curvature. It is
obvious that the amplitude of the cladding modes diminishes significantly with the increasing applied
curvature, indicating that the bending of the sensing structure decreases the excitation and/or
recoupling efficiency of the cladding modes. On the other hand, the core mode (Bragg mode) suffers
much smaller changes because the core of the fiber lies on the neutral axis for pure bending and the
core mode is relatively insensitive to the limited curvature. Besides, the number of reflected cladding
modes under different curvatures also changes, demonstrating that new cladding modes with
different orders are excited in the bent sensing structure. The relative changes of the reflected power
of the cladding modes and coremode against the applied curvature are depicted in Fig. 5(b). Both the
cladding modes and the core mode decay with the applied curvature monotonically. The response of
the cladding modes measured in a fixed bending direction (red circle) shows that the sensitivity
becomes higher with the increase of curvature, reaching a highest sensitivity of 0.74 dB/m1 in the
measurement range from 0 to 15.5 m1. Thus, the corresponding resolution of the curvature
measurement can be obtained in 0.014 m1, based on the OPM’s accuracy of 0.01 dB (assuming a
Fig. 4. Schematic diagram of the curvature measurement system.
Fig. 5. (a) Reflection spectra of the FBG under different applied curvatures. (b) Amplitude change of the
Bragg mode and cladding modes versus curvature. Cladding modes-1 and -2 are the responses of two
curvature measurements under different bend directions.
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sufficiently powerful light source so that the amplitude noise can be neglected). The curvature
measurement in a different direction was also carried out, of which the response of the cladding
modes is shown as the green squares in Fig. 5(b). There is no observable difference between the
bending sensitivity in the two directions, meaning that the sensor is directionally independent.
Meanwhile, the response of the Bragg mode shows a very small linear curvature sensitivity of
0.03 dB/m1, as expected, and a relative power measurement (using a 3 dB splitter and bandpass
filters) between the cladding modes and the Bragg mode could be used to further eliminate noise and
power fluctuations from the measurement.
The temperature response of the proposed sensing structure is also investigated by placing the
unstrained sensor (with a small curvature) into an oven. Fig. 6(a) shows the red shift of the reflection
spectra as the temperature increases, without significant amplitudes changes. The temperature-
induced wavelength shifts of the core mode and cladding modes are almost equal due to the similar
effective refractive indices. Quantitative measurements of the reflected power of the two kinds of
modes versus the temperature are shown in Fig. 6(b). It can be seen that both the cladding modes
and the Bragg mode have similar small variations in amplitude during the complete temperature
measurement. However, the magnitude of the amplitude fluctuation of the cladding modes
(0.15 dB) is much larger than that of the Bragg mode (0.03 dB). This difference may be due to
the much larger bend sensitivity of the cladding modes to bending and the possibility that the
grating moved slightly during the experiment (due to the internal fan of the oven). This residual
temperature dependence could be further reduced by making sure that the sensor package does
not bend as a result of temperature change and also by careful optimization of the MMF section
parameters. If the temperature effect of the cladding mode can be reduced to the same level as
that of the Bragg mode, the highest temperature-induced error would be 0:04 m1. Therefore, the
proposed sensing structure can achieve temperature-independent and orientation-independent
curvature measurements.
4. Conclusion
A temperature-independent curvature sensor formed by splicing a short section of MMF to a FBG is
proposed in this work. The modal mismatch between MMF and SMF causes the excitation and
recoupling of the cladding modes of the FBG, and these coupling mechanisms are sensitive to the
applied curvature. The experimental performance demonstrated that the proposed sensor has a
consistent sensitivity in all bending directions due to the symmetrical structure, which is a significant
advantage over TFBG and other noncylindrically symmetrical sensors in applications where
orientation information is not needed. The optimization of the reflected cladding modes spectral and
power characteristics, and of the temperature sensitivity, will be carried out by more exhaustive
studies of the MMF section design in our future work.
Fig. 6. (a) Reflection spectra of FBG under the different applied temperature. (b) Amplitude change of
Bragg mode and cladding modes versus temperature.
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